Chronic neck pain affects up to 70% of persons, with the facet joint being the most common source. Intra-articular injection of the non-steroidal anti-inflammatory drug ketorolac reduces post-operative joint-mediated pain; however, the mechanism of its attenuation of facet-mediated pain has not been evaluated. Protease-activated receptor-1 (PAR1) has differential roles in pain maintenance depending on the type and location of painful injury. This study investigated if the timing of intra-articular ketorolac injection after painful cervical facet injury affects behavioral hypersensitivity by modulating spinal astrocyte activation and/or PAR1 expression. Rats underwent a painful joint distraction and received an injection of ketorolac either immediately or 1 day later. Separate control groups included injured rats with a vehicle injection at day 1 and sham operated rats. Forepaw mechanical allodynia was measured for 7 days, and spinal cord tissue was immunolabeled for glial fibrillary acidic protein (GFAP) and PAR1 expression in the dorsal horn on day 7. Ketorolac administered on day 1 after injury significantly reduced allodynia ( p = 0.0006) to sham levels, whereas injection immediately after the injury had no effect compared with vehicle. Spinal astrocytic activation followed behavioral responses and was significantly decreased ( p = 0.009) only for ketorolac given at day 1. Spinal PAR1 ( p = 0.0025) and astrocytic PAR1 ( p = 0.012) were significantly increased after injury. Paralleling behavioral data, astrocytic PAR1 was returned to levels in sham only when ketorolac was administered on day 1. Yet, spinal PAR1 was significantly reduced ( p < 0.0001) by ketorolac independent of timing. Spinal astrocyte expression of PAR1 appears to be associated with the maintenance of facet-mediated pain.
Introduction
P ersistent neck pain is a major cause of disability, affecting between 10% and 70% of persons worldwide. 1, 2 The cervical facet joint is a common source of neck pain identified in clinical studies, 3, 4 with mechanical reports also documenting nociceptor innervation of the capsule and its mechanical vulnerability for injury from non-physiologic joint and spine motions. [5] [6] [7] Despite reports suggesting that injury to the cervical facets is a major contributor to persistent neck pain, 8 the cellular mechanisms by which pain is initiated and maintained after joint injury have yet to be defined.
One source of joint-mediated pain is joint inflammation. 9 Painful joint inflammation can be caused by a variety of pathologies including arthritis and is often associated with increased concentrations of prostaglandins within the fluid of the inflamed joint. 9 Inflammatory factors within a painful joint can cause direct activation of nociceptive fibers, which can lead to a release of peptides at their synaptic terminals within the superficial laminae of the spinal cord. 9 Specifically, painful injury to the cervical facet joints in the rat causes increased production of the peptide, substance P, in the spinal cord. 10 There is also evidence of glial activation after facet injury with an increase in astrocyte activation in the dorsal horn as early as 1 week 11 and maintained for at least 2 weeks after injury 12 following the trends in produced behavioral sensitivity. Although these studies point to a link between peripheral inflammation, spinal glial activation, and facet-mediated pain, no study directly investigates the effect of inflammation in the facet joint on centrally mediated pain.
Protease-activated receptor-1 (PAR1) has been implicated as a potential regulator of inflammatory and neuropathic pain. 13, 14 PAR1 is a member of a family of four G-protein coupled receptors that are activated by serine proteases and are typically found in high concentrations at an injury site. 15, 16 Expression of PAR1 has been confirmed on neurons, astrocytes, and microglia, all of which are cells known to contribute to pain. [17] [18] [19] [20] [21] Yet the role of PAR1 in the Departments of 1 Bioengineering and 2 Neurosurgery, University of Pennsylvania, Philadelphia, Pennsylvania. initiation and maintenance of pain is still not clear. For example, PAR1 activation via intrathecal injection of exogenous thrombin induces sustained thermal hyperalgesia and tactile allodynia in the mouse, 22 whereas plantar injection of thrombin causes an immediate increase in the nociceptive threshold for mechanical stimulation in the rat. 23 In addition to PAR1 activation directly affecting pain outcomes, PAR1 expression is modulated after neural tissue trauma; PAR1 mRNA is increased in the sciatic nerve after partial nerve ligation in the rat as early as day 1 after injury, 24 and spinal PAR1 protein is increased 1 week after painful sciatic nerve ligation in the mouse. 24 Although many studies implicate PAR1 activation and its role in certain types of peripheral neuropathic and inflammatory pain states, no study has determined if PAR1 has a role in joint-mediated pain and whether it can be modulated in the presence or absence of pain. PAR1 is expressed by astrocytes and activated microglia, 18, 19, 21 both of which have been shown to contribute to the initiation and maintenance of pain. [25] [26] [27] Ketorolac, a non-steroidal anti-inflammatory drug (NSAID) with strong analgesic activity, has been used clinically to treat postoperative, inflammatory, and neuropathic pain. [28] [29] [30] [31] [32] The primary mechanism of action of ketorolac is by local non-selective inhibition of the activity of cyclooxygenase (COX)-1 and COX-2, which diminishes prostaglandin production, and is associated with a reduction in behavioral sensitivity. [33] [34] [35] Intra-articular ketorolac injection reduces joint inflammation and postoperative pain in the knee in both clinical and animal models. 30, 36, 37 Although the local anti-inflammatory action of ketorolac in the periphery may contribute to its analgesic effects, other studies report that ketorolac reduces excitatory peptides in the dorsal horn after partial sciatic nerve ligation, which has been correlated with a reduction in pain. 38 Our laboratory has shown that a single joint injection of ketorolac given after a painful facet joint injury can attenuate pain only when it is given after pain has developed, although the specific mechanism of action was not determined. 39 The current study aims to determine if, and how, local ketorolac treatment after a painful facet joint injury can reduce pain. Because of its speculated role in pain and its expression by glial cells, PAR1 was also evaluated in the spinal cord to understand if it has a role in joint-mediated pain. As such, a model of painful mechanical facet joint loading was used, 10, 12, 40, 41 and a single bilateral intra-articular injection of ketorolac was given immediately or at day 1 after injury. Behavioral sensitivity was monitored for 7 days after injury, and astrocytic activation, spinal PAR1 expression, and astrocytic expression of PAR1 were evaluated at day 7 in the spinal dorsal horn. Glial fibrillary acidic protein (GFAP) was used as an indicator of astrocytic activation and has been shown to be increased in association with behavioral sensitivity in this model of facet joint injury. 11, 12, 25 
Methods
Male Holtzman rats weighing 375-425 g were housed under United States Department of Agriculture-and Association for Assessment and Accreditation of Laboratory Animal Care-compliant conditions, with a 12-12 h light-dark cycle and free access to food and water. All procedures were performed according to the guidelines of the University of Pennsylvania Institutional Animal Care and Use Committee, the National Research Council for the care and use of laboratory animals, and the Committee for Research and Ethical Issues of the International Association for the Study of Pain. 42 Surgical procedures were performed under inhalation isoflurane anesthesia (4% for induction, 2.5% for maintenance).
According to previously described methods, 41, 43 the bilateral cervical facet joints and their capsules were exposed at C6/C7 by clearing the surrounding musculature and transecting the interspinous ligaments. A controlled bilateral facet joint distraction was imposed across the facet capsule using a customized loading device that distracted the C6 joint rostrally in a controlled fashion that has been shown to reliably produce persistent pain symptoms. 10, 41, 43 The severity of each joint injury was measured using imaging to track the motions of markers affixed to the laminar bones of the joint during distraction. 12, 40 Sham procedures were also performed in separate rats (sham, n = 5) undergoing surgery but with no joint distraction to serve as controls. After surgery, wounds were closed with 3-0 polyester suture and surgical staples. Rats were allowed to recover in room air with controlled temperature and humidity and were monitored continuously throughout the study period.
Rats that underwent the painful facet joint distraction injury were randomly selected to receive treatment in the joint either on day 0 or day 1 after injury. The group undergoing ketorolac (SigmaAldrich; St. Louis, MO) treatment on day 0 received a joint injection of 12 lg of ketorolac in 10 lL sterile H 2 O (ketorolac d0; n = 5); two groups received treatment at 1 day after the initial injury: either a joint injection of 10 lL sterile H 2 O (vehicle; n = 4) or a joint injection of 12 lg of ketorolac in 10 lL sterile H 2 O (ketorolac d1; n = 6). Under inhalation anesthesia (2.5% isoflurane), ketorolac was administered via intra-articular injection in the bilateral C6/C7 facet joints using a 10 lL syringe with a 33-gauge needle (Hamilton; Reno, NV). This volume and needle size were optimized based on pilot studies indicating that 10 lL is the maximum volume of fluid that can be contained in the cervical facet joint space and that a 33-gauge needle is sufficiently small not to induce ligament damage or fluid leakage from the injection. During an injection, the needle was gently inserted into the facet joint by piercing through its capsule in the dorsal medial region of the capsular ligament. After injection, the needle was withdrawn and the incision was cleaned with betadine (Purdue Pharma; Stamford, CT) before the wound was closed with polyester suture and surgical staples.
Mechanical allodynia was measured in the bilateral forepaws of all rats to characterize the patterns of behavioral sensitivity after injury and treatment, on days 1, 3, 5, and 7 after injury. Baseline measurements were also recorded on day 0 before the surgical procedure for each rat as a matched un-operated control for its responses after injury. For groups receiving a joint injection with either vehicle or ketorolac treatment at day 1 (ketorolac d1), additional testing was performed at day 2 to measure allodynia on the day immediately after treatment. Methods for quantifying forepaw allodynia used in this study have been previously validated. [44] [45] [46] Briefly, rats were acclimated to the environment and tester before undergoing any behavioral assessment. Each testing session consisted of three rounds of 10 tactile stimulations to the plantar surface of each forepaw using a 4 g von Frey filament (Stoelting; Wood Dale, IL). A positive response was counted when the rat immediately withdrew its paw on stimulation, usually accompanied by licking or tightening of the paw. For each testing session, the total number of paw withdrawals for each paw was counted. Responses for the left and right paws were averaged for each rat on every testing day and further averaged within groups. Data are expressed as the average total number of paw withdrawals with the standard deviation. Repeated measures analysis of variance (ANOVA) with the Tukey honestly significant difference test was used to compare allodynia responses across all groups for days 1, 3, 5, and 7. An additional comparison between vehicle and ketorolac d1 groups was performed using repeated measures ANOVA with the Tukey correction for days 1, 2, 3, 5, and 7.
After behavioral assessment on day 7, spinal cord tissue at the C5 level was harvested to evaluate astrocytic activation by assessing GFAP immunolabeling and PAR1 expression. After transcardiac perfusion, tissue was post-fixed for 1 h followed by cryopreservation in 30% sucrose/phosphate buffered saline and stored for 3 days at 4°C. Spinal cord tissue was then freezemounted with Histoprep (Fisher Diagnostic; Fair Lawn, NJ). Thin cryosections (16 lm, n = 4 sections per animal) were mounted onto APES-slides for staining. Slides were incubated in mouse anti-GFAP (1:1000; Wako; Richmond, VA) or rabbit anti-PAR1 (1:250; Abcam, Cambridge, MA) overnight at 4°C, followed by incubation with either goat anti-mouse Alexa 546 (1:150; Invitrogen, Carlsbad, CA) or goat anti-rabbit Alexa 488 (1:250; Invitrogen, Carlsbad, CA) before cover-slipping. Co-labeling of GFAP and PAR1 was performed by incubating the slides simultaneously in mouse anti-GFAP (1:1000) and rabbit anti-PAR1 (1:250) overnight at 4°C, followed by incubation in both goat anti-mouse Alexa 546 (1:150) and goat anti-rabbit Alexa 488 (1:250) before coverslipping.
Spinal cord sections were imaged using a Carl Zeiss LSM 510 microscope (Carl Zeiss LLS; Thronwood, NY). Images were cropped to include a region of interest in the superficial dorsal horn before GFAP or PAR1 expression was quantified using a customized densitometry program created in MATLAB (matrix laboratory), as previously reported. 12, 44, 47, 48 Briefly, spinal cord sections were imaged at 20X magnification, and images were cropped to a uniform region of interest including only the dorsal horn tissue. Cropped images were then inverted, and the percentage of pixels above a pre-defined threshold was measured. That threshold was set based on levels of GFAP and PAR1 in normal un-operated tissue. The number of positive pixels for GFAP and PAR1 was divided by the number of pixels defining the total area of tissue for each image. Data were expressed as the mean percentage of positive pixels normalized to percentages in un-operated tissue for each group with the standard deviation. For all immunohistochemistry assays, negative controls with no primary antibody were included for verification of staining technique and analyses. Normalized group averages (sham, vehicle, ketorolac d0, ketorolac d1) were compared using one-way ANOVA with post-hoc Bonferroni correction.
To quantify the astrocytic expression of PAR1, a customized MATLAB program was used to measure the co-labeling of PAR1 with GFAP in spinal cord tissue. 39 The percent co-localization was defined by the percentage of pixels that were positively labeled for both PAR1 and GFAP within a given section. Data were represented as the mean percent co-localization for each group normalized to the percent of PAR1 and GFAP co-localization in normal un-operated tissue with the standard deviation. Differences between normalized group averages were determined using oneway ANOVA with a post-hoc Tukey test.
Results
The injury severity that was imposed was similar for all rats undergoing any joint distraction. Mean applied joint distraction was 0.64 -0.12 mm for vehicle, 0.64 -0.05 mm for ketorolac d0, and 0.75 -0.11 mm for ketorolac d1, with the ketorolac d1 group undergoing significantly greater ( p = 0.032) joint distractions than either of the two other groups. Despite this difference in applied injury magnitude between the two treatment groups, allodynia for all injury groups (vehicle, ketorolac d0, and ketorolac d1) at day 1 was significantly ( p < 0.006) higher than sham and not different between any injury group (Fig. 1) . Mechanical allodynia after facet distraction for the vehicle treated group remained significantly elevated above sham on each day of testing ( p < 0.013) and was significantly different from sham overall ( p = 0.0003) (Fig. 1) . Further, injection of ketorolac in the injured joint on day 1 (ketorolac d1) produced a significant ( p < 0.008) immediate reduction in allodynia at day 2 that was sustained for 7 days compared with vehicle treatment; this attenuation of sensitivity was significant ( p = 0.0006) (Fig. 1) . Forepaw sensitivity for the group receiving treatment immediately after injury (ketorolac d0) remained unchanged from vehicle and was significantly greater than sham ( p = 0.0014). Ketorolac d0 also exhibited more mechanical allodynia than the group that received treatment on day 1 (ketorolac d1; p = 0.005) and on days 5 and 7 ( p < 0.047).
GFAP expression on day 7 in the superficial dorsal horn of the spinal cord paralleled the behavioral response patterns observed between groups (Fig. 2) . Spinal GFAP expression in the vehicle treated group was significantly ( p = 0.037) increased over sham at day 7 (Fig. 2) . Rats receiving ketorolac treatment on day 1 (ketorolac d1) also exhibited GFAP expression levels that were significantly ( p = 0.009) lower than those levels in vehicle treated rats; however, this same reduction was not evident in the rats treated on day 0 (ketorolac d0; Fig. 2 ). Further, GFAP expression was not different between ketorolac d1 and sham groups at day 7. Although GFAP in the ketorolac d0 group was elevated above ketorolac d1, this was not significant (Fig. 2) . Similar to the increase in spinal GFAP for vehicle relative to sham, the PAR1 expression in the superficial dorsal horn in the vehicle group was significantly ( p = 0.0025) elevated over sham on day 7 after injury ( Fig. 3) . In contrast, spinal PAR1 levels were significantly ( p < 0.0001) reduced for both groups treated with ketorolac regardless of whether it was on day 1 or on day 0 (Fig. 3) . In addition, PAR1 expression was not different from sham for either of those treated groups at that time point, with all groups exhibiting variability that is evident by the quantification (Fig. 3F) .
Astrocytic PAR1, taken as the co-localization of GFAP and PAR1, in sham operated rats was unchanged from levels in normal un-operated rats (Fig. 4) . Rats that received facet injury with a vehicle injection on day 1 exhibited significantly ( p = 0.012) more astrocytic PAR1 compared with sham (Fig. 4) . Similarly, rats treated with ketorolac immediately after injury (ketorolac d0) had significantly ( p < 0.0001) more co-localization of PAR1 and GFAP compared with sham (Fig. 4) . Of note, the degree of PAR1 and GFAP co-localization in both the ketorolac d0 and vehicle groups exhibited variability across rats (Fig. 4F) . Astrocytic PAR1 was reduced to sham levels only after ketorolac administration on day 1 after injury (ketorolac d1) and was significantly FIG. 1. Average forepaw mechanical allodynia after facet joint injury with ketorolac or vehicle treatment or sham procedures. Allodynia is significantly elevated over sham on day 1 for all injury groups and remains elevated for vehicle ( p < 0.013) and ketorolac d0 (*p < 0.0356). Allodynia for ketorolac d1 is significantly (%p < 0.0001) elevated over sham on day 1 but is significantly reduced by day 2 compared with vehicle (**p < 0.008) and by day 5 compared with ketorolac d0 ({p < 0.0474). Data are plotted as mean -standard deviation (SD).
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(p < 0.0077) reduced for ketorolac d1 compared with both vehicle and ketorolac d0.
Discussion
This study demonstrates that a delayed intra-articular injection of the NSAID ketorolac produces immediate and sustained attenuation of allodynia after painful facet injury that can be at least partially attributed to a decrease in spinal astrocyte activation and a decrease in astrocytic expression of PAR1 after injury (Figs. 1 and 4) . Spinal PAR1 expression, not localized to a specific cell type, is increased at day 7 after painful facet joint injury and is at least partially attributable to an increase in astrocyte expression of the receptor (Figs. 3 and 4) , which is consistent with increased spinal PAR1 reported after a painful peripheral nerve injury. 22 Peripheral ketorolac administration at either the immediate or delayed time point (day 1) after facet injury was able to reverse this increase in spinal PAR1 to levels observed in normal un-operated rats (Fig. 3); 
FIG. 2.
Immunolabeling of glial fibrillary acidic protein (GFAP) in the spinal dorsal horn at day 7 after vehicle, ketorolac treatments, and sham. GFAP immunolabeling is less in sham (A) compared with vehicle (B), and ketorolac d1 (C) levels are similar to sham. GFAP levels for ketorolac d0 (D) are similar to vehicle (B) levels. The GFAP labeling in both sham (A) and ketorolac d1 (C) is not different from levels in un-operated naïve control tissue (E). (F) Normalized quantification of the extent of GFAP expression indicates that expression in vehicle is elevated over sham (*p = 0.037) and is reduced after ketorolac d1 compared with vehicle (**p = 0.009). Data are shown as normalized mean -standard deviation (SD); the scale bar (100 lm) applies to all images. Color image is available online at www.liebertpub.com/neu however, this was the case regardless of whether there was any change in allodynia or astrocytic response (Figs. 1-3) .
Co-labeling of PAR1 and GFAP indicates that an increase in PAR1 expression localized to astrocytes is increased at day 7 after a painful injury and is only reduced to levels in sham operated rats when that injury is treated with ketorolac after the development of pain (Fig. 4) . This attenuated spinal astrocytic PAR1 expression parallels both the behavioral and GFAP expression data (Figs. 1, 2 , and 4). Although the modulation of total spinal PAR1 may not be directly related to pain after facet joint injury, the co-localization studies suggest that spinal astrocytic expression of PAR1 may be specifically related to, or responsible for, pain from the facet joint.
The timing of administration of ketorolac affects the attenuation of allodynia (Fig. 1) . When ketorolac treatment is delayed until after sensitivity is produced (at day 1), allodynia is reduced immediately and remains at sham levels for up to 7 days; when it is injected before the development of pain (at the time of injury; day 0), allodynia is not reduced even transiently (Fig. 1) . These behavioral findings suggest that the analgesic effects of this antiinflammatory agent are time-dependent relative to the onset of pain and/or the injury event and are supported by a study that demonstrated that ketorolac given after partial sciatic nerve ligation was effective at immediately attenuating tactile allodynia only when administered after the development of pain and inflammation. 49 Ketorolac has been shown to reduce tactile allodynia within 3 hours and for at least 5 days if it is administered at the peak of inflammation in an injured nerve. 38, 49, 50 Although the early inflammatory responses have not been defined for the facet injury model used here, substance P is modulated in the spinal cord by day 1, 10 and glial activation develops in this model associated with the presence of behavioral sensitivity. 11, 12 In fact, these time points coincide with the onset and modification of painful behaviors in the current study (Fig. 1) . Because ketorolac given at day 1 was sufficient to attenuate pain in this model and in neuropathic pain, 49 it may be possible that this NSAID might be more effective in alleviating joint-mediated pain once inflammatory symptoms have developed. This study, however, did not evaluate the time course of inflammation or PAR1 expression in the joint or dorsal root ganglion (DRG). As such, it is not known whether the primary action of ketorolac was not in the joint. Nonetheless the strong behavioral findings suggest it to be effective at attenuating traumatically induced joint pain when administered early on after trauma.
Future studies defining the longer term outcomes and more widespread tissue responses, as well as the potential clinical efficacy of intra-articular delivery at later time points after injury and the feasibility of systemic administration of ketorolac on facetinduced pain would help determine the mechanism(s) by which this treatment may attenuate pain in this model.
Ketorolac is postulated to attenuate pain by decreasing COXmediated inflammation locally at the administration site, which reduces the sensitivity of injured afferents and can lead to biochemical changes in the spinal cord where these afferents synapse. 9, 38, 51, 52 The facet capsule that encloses the facet joint is innervated by nociceptors, and non-physiologic stretch of the facet capsule has been shown to activate those receptors and to induce neuronal hyperexcitability in the dorsal horn at day 7 after FIG. 4. Quantification of astrocytic PAR1 in the spinal dorsal horn at day 7. Astrocytic PAR1 (yellow), denoted by the co-localization of PAR1 (green) and GFAP (red), is lower in sham (A) compared with vehicle (B). Levels of PAR1 and GFAP co-localization are similar between vehicle (B) and ketorolac d0 (C) and ketorolac d1 (D) appears to be less than both of these groups. Levels of colocalization in normal (E) tissue are similar to both sham (A) and ketorolac d1 (D). The scale bar (100 lm) for the full-size images applies to all, and the scale bar for the inset images is 20 lm. (F) Quantification of normalized percent co-localization of PAR1 and glial fibrillary acidic protein is significantly increased for vehicle (*p = 0.012) and ketorolac d0 (*p < 0.0001) compared with sham. Treatment with ketorolac at day 1 after injury (ketorolac d1) significantly (**p < 0.0077) reduces co-localization compared with vehicle and ketorolac d0. Data represented as mean -standard deviation (SD). Color image is available online at www.liebertpub.com/neu injury. [5] [6] [7] 43 Injured afferents release excitatory neuropeptides, such as substance P, glutamate, and calcitonin gene-related peptide, at their terminals that directly activate astrocytes and other glial cells in the spinal cord that can amplify neuronal excitability via the release of pro-inflammatory cytokines and prostaglandins. [25] [26] [27] Glial activation was observed here at 7 days after painful facet joint distraction (Fig. 2) , which has been reported previously for this model. 11 Further, delayed intra-articular ketorolac injection reduced spinal astrocyte activation on day 7 after injury in association with a decrease in sensitivity, whereas immediate ketorolac treatment did not (Fig. 2) . Because ketorolac injection on day 1 reduced astrocytic activation in the dorsal horn and attenuated allodynia, these findings suggest that it might also reduce other central mechanisms associated with persistent pain, such as neuronal hyperexcitability.
Painful facet joint injury increases PAR1 expression in the spinal dorsal horn that is abolished by a single intra-articular injection of ketorolac at either time point after injury (Fig. 3) . Because a decrease in total spinal PAR1 expression is observed despite behavioral sensitivity and spinal glial activation only being reduced for the delayed treatment (Figs. 1-3) , this suggests that PAR1 may not specifically contribute to facet-induced pain. Although PAR1 has not been studied explicitly in the context of joint pain, PAR1 protein and mRNA have been shown to increase in the spinal cord after neuropathic pain caused by sciatic nerve ligation. 22, 24 Although this study did not measure PAR1 expression in any cell type in the injured joint or in the DRG, astrocytic PAR1 is increased in the spinal cord after injury (Fig. 4) .
Although PAR1 expression has not been measured previously in activated astrocytes, the activation of PAR1 on primary rat astrocytes in vitro has been shown to lead to the release of intracellular calcium stores, phosphorylation of extracellular signal-regulated kinase53, and production of matrix metalloproteinases, 21 ,53 which suggests a potentially strong role of astrocytic PAR1 in pain. Considering the findings that spinal astrocytic PAR1 increases in the dorsal horn by day 7 after painful facet injury and is reduced only when ketorolac is administered on day 1 after injury and in association with attenuation of behavioral sensitivity (Figs. 1 and  4) , astrocytic PAR1 may be more closely related to facet-mediated pain than general spinal PAR1. Further studies are needed to define the other cellular responses and their relationship to PAR1 in the spinal cord.
